The elusive neutral bicarbonate radical and the carbonate radical anion form an acid/conjugate base pair. We now report experimental studies for a model of bicarbonate radical, namely methyl carbonate (methoxycarbonyloxyl) radical, complemented by DFT computations at the CAM-B3LYP level applied to the bicarbonate radical itself. Methyl carbonate radicals were generated by UV irradiation of oxime carbonate precursors. Kinetic EPR was employed to measure rate constants and Arrhenius parameters for their dissociation to CO2 and methoxyl radicals. With oleate and cholesterol lipid components methyl carbonate radicals preferentially added to their double bonds; with linoleate and linolenate substrates abstraction of the bis-allylic H-atoms competed with addition. This contrasts with the behavior of ROS such as hydroxyl radicals that selectively abstract allylic and/or bis-allylic H-atoms. The thermodynamic and activation parameters for bicarbonate radical dissociation, obtained from DFT computations, predicted it would indeed have substantial lifetime in gas and non-polar solvents. The acidity of bicarbonate radicals was also examined by DFT methods. A noteworthy linear relationship was discovered between the known pK a s of strong acids and the computed numbers of microsolvating water molecules needed to bring about their ionization. DFT computations with bicarbonate radicals, solvated with up to 8 water molecules, predicted that only 5 water molecules were needed to bring about its complete ionization. On comparing with the correlation, this indicated a pK a of about -2 units. This marks the bicarbonate radical as the strongest known carboxylic acid.
INTRODUCTION
Carbonic acid is a weak, diprotic acid formed upon dissolution of carbon dioxide in water. While its acid/base equilibria are well understood, its radical chemistry is not. Deprotonations produce the bicarbonate anion HCO 3 − (pK a = 6.38) and then carbonate dianion CO 3 2− (pK a = 10.25) (See Scheme 1).
Scheme 1. Formation of Carbonic Acid and Associated Anions and Radicals.
These species play important roles in geology, oceanology, atmospheric chemistry and of course in physiology. In blood serum and intracellular media these equilibria constitute the 'bicarbonate buffer system'. This is critical for maintaining the pH constant within the range 7.35-7.45 which is essential for optimum functioning of enzymes. 1 Approximately 70 % of CO 2 is transported as bicarbonate in the human body (25.0 mM in serum and 14.4 mM in intracellular media).
2 When an electron is removed from bicarbonate or carbonate respectively, neutral bicarbonate radicals 1 or carbonate radical anions 2 are created. There are several enzymatic (and possibly nonenzymatic) ways these radicals can be produced in biological fluids. For example CO 2 is one of peroxynitrite's primary biological targets producing NO 2 and 2. 3 Xanthine oxidase turnover of acetaldehyde and other substrates is also known to produce 2. 4 Similarly it is recognized 5 that the Cu,Znsuperoxide dismutase/H 2 O 2 system also generates 2.
As shown in Scheme 1, the carbonate radical anion 2 forms a conjugate base/acid pair with the neutral bicarbonate radical 1. Apart from attempts to determine its pK a , virtually nothing is known about the chemistry or biochemistry of the neutral bicarbonate radical itself. It was shown to be a strong acid, 6 and a computational study 7 suggested its pK a might be as low as -4 units. Because of this acidity it is generally assumed that carbonate radical anions 2 are the dominant partner of the pair in biological fluids. Carbonate radical anion 2 is a reactive oxygen species (ROS) that contributes to oxidative stress. 8 It is an important oxidizing agent in aqueous solution, 9 and its main bio-targets are polar species such as biothiols, nucleic acids, metalloproteins/proteins and glutathione. 10 Because HOCO 2 • is neutral, whereas − OCO 2 • is negatively charged, and the two radicals have very different extents of electron delocalization, their preferred reaction channels and reactivity are expected to be markedly different. Thus 2 is lipophobic, with the majority of its physiological reactions taking place in polar environments. Therefore, it should be a poor initiator of lipid peroxidation, due to its low diffusibility in hydrophobic environments. The neutral protonated radical 1 could well be the dominant form in non-polar hydrophobic lipid rich situations. Initiation of peroxidation is the likely role of 1 in structures such as membranes, vesicles, lowdensity lipo-protein particles (LDL) or lipid microdomains. However, as of yet, there is no research reporting peroxidation of lipids by 1. One reason for this is that the carbonate and bicarbonate precursors of 1 are only soluble in polar solvents so that even when 1 is formed it immediately deprotonates to 2. No lipid soluble precursor for 1 is currently known. To understand oxidative lipid and cell damage, with the resultant functional decline and associated degenerative conditions, a thorough study of the chemistry and biochemistry of both components of the carbonate/bicarbonate radical pair is much needed. Radical 1 may be viewed as the first member of a homologous series with alkyl carbonate radicals: HOC(O)O, MeOC(O)O, C n H 2n-1 OC(O)O These neutral alkyl carbonate radicals are structurally similar to 1 so they, and particularly the methyl carbonate radical (7) , are suitable models for 1. Several members of this series have been generated and precursors soluble in organic solvents, that is dialkyl peroxydicarbonates 11 and oxime carbonates, 12 are known. However, to our knowledge, the simplest member, methyl carbonate, has not yet been reported. The objectives of this research were first to weigh up lipidsoluble precursors for radical 1. Second to investigate the structural integrity of 1, and of model MeOC(O)O
• and related species, particularly in respect of the ease with which they decarboxylate:
An examination of specific reactions of these species with lipid components was also a priority. In each case both experimental and quantum-mechanical (QM) computational methods were employed. By these means insight into the reactivity of model MeOC(O)O • , and of radicals 1 and 2, as well as new insights into the pK a of 1 was obtained. Understanding of the way 1 and 2 differ from hydroxyl radicals -the archetype ROS -in the type of reaction they undergo, and in their site selection with unsaturated fatty acids and cholesterol, was also obtained. 16 Before embarking on a project to further develop route (b) we decided to first forecast the structural integrity of 1, and to see how its reactivity would differ from 2 and from HO
EXPERIMENTAL STUDIES
• radicals, by examination of model MeOC(O)O
• radicals and by DFT computations.
Methyl Carbonate Radical Additions to Aromatics and Decarboxylation Kinetics.
The oxime carbonates 6a,b were clear choices as precursors for the methyl carbonate (methoxycarbonyloxyl) radical 7. They were prepared by the literature method 12a from methyl chloroformate and the appropriate oxime. Solutions of each of 6a and 6b (0.1 mol) in t-butylbenzene containing 4-methoxyacetophenone (MAP, 1 equiv.) as photosensitizer were purged with N 2 and UV irradiated in the resonant cavity of an EPR spectrometer. Neither MeOC(O)O
• radicals nor MeO
• radicals will be directly detectable by EPR in solution.
11a, 17 The spectra actually disclosed the corresponding iminyl radical together with a second species having g = 2.0026, a(1H) = 34.5, a(1H) = 13.1, a(1H) = 9.3, a(1H) = 8.1, a(1H) = 2.8 G. By analogy with literature data for other alkyl carbonate radicals 11, 12 we identify this as the meta-adduct radical 8 from addition of 7 to the solvent (see Scheme 3). There are interesting implications of these findings for the chemistry of bicarbonate radicals 1. These will dissociate by β-scission to CO 2 and HO • radicals. The activation barriers and rates of radical β-scission reactions usually depend strongly on the thermodynamic stabilization of the released radical. 22 The HO • radical is less thermodynamically stabilized than MeO
• or EtO • by 13.6 and 13.4 kcal mol -1 respectively. 23 This gives a strong indication that the barrier to decarboxylative β-scission of the HOC(O)O
• radical 1 will be considerably higher than that of 7 and the lifetime of 1 in non-polar environments will be even greater. DFT computations, 12 (see below) also predict a higher barrier. Once formed, therefore, bicarbonate radicals are expected to have ample lifetimes to attack lipid components and contribute, with other ROS, to their oxidative transformations. Our next step was to examine model reactions of radical 7 with organic substrates and lipid components so as to shed light on how bicarbonate radical oxidative processes could differ from those of HO
• radicals and other ROS.
As shown above, addition of 7 to aromatics was rapid. We also found that 7 added very efficiently to furan, thiophene and derivatives thereof (Table 1 ; see Supporting Information for sample spectra). The addition was selective for the 2-(or 5)-positions and both 2-and 5-adduct radical isomers (9) were obtained in approximately equal amounts from 3-methylthiophene. In no case was an adduct radical from attack at a 3-position observed although, because of the considerable noise levels, minor amounts would escape detection. from addition at C-2 and C-5.
It is noteworthy that addition of 7 to the rings was preferred to abstraction of the 'benzyl-like' H-atoms of the CH 3 groups attached to both heterocycle types. Reaction with toluene was also examined. The spectra were too weak for definitive analysis but appeared to show a mixture of ortho-, meta-and para-adduct radicals with again no sign of benzyl radicals from H-abstraction by the MOC(O)O • radicals. GC-MS analysis of the photolysate supported this conclusion (see Supporting Information).
Methyl Carbonate Radical Reactions with Lipid Components.
Peroxidation, and the associated oxidative stress in organisms, is initiated when ROS damage lipid components of cells. 24 The mechanisms associated with this peroxidation have been intensively studied over many years.
25, 26 The hydroxyl radical is the most reactive ROS and it is well established that this species initiates much peroxidation. It abstracts H-atoms from allylic sites in mono-unsaturated lipid components such as oleic acid and cholesterol and from bisallylic sites in di-and poly-unsaturated fatty acids (PUFA). Subsequent chain propagation proceeds through addition of oxygen to the C-centered radicals, so generating peroxyl radicals that then abstract H-atoms, thus producing hydroperoxides. Our aim was to establish if bicarbonate radicals 1 would initiate in this same way, simply augmenting the regular peroxidation process, or if they could initiate alternative oxidative sequences ending in novel metabolites. Our first evidence that radicals 7 behave differently came from a study of their reaction with hex-1-ene. When a solution of oxime carbonate 6b and MAP in neat hex-1-ene was UV irradiated in the EPR cavity the spectrum showed the PhMeC=N• radical (73 %) and another radical (27 %) with EPR parameters: g = 2.0027; a(1H) = 21.0, a(4H) = 24.7 G at 290 K.
We identify this as the adduct radical CH 3 (CH 2 ) 3 CH•CH 2 OC(O)OMe. Surprisingly, none of the allylic radical from H-abstraction adjacent to the double bond could be detected. The predominant process was addition to the C=C double bond. As a control experiment we examined the reaction of 7 with the fully saturated fatty acid derivative methyl stearate [n-C 17 H 35 C(O)OMe]. The EPR spectrum taken during photolysis of a benzene solution (0.1 M in 6b and 0.16 M in methyl stearate) at 292 K showed Im (87 %) and a minor amount (13 %) of a radical with g = 2.0028, a(1H) = 21.3, a(4H) = 24.7 G. This is clearly a composite spectrum of the secondary radicals -CH 2 CH
• CH 2 -(s • ) formed on H-abstraction from all 14 of the methylene groups in the chain that are flanked on both sides by CH 2 groups. This very weak spectrum contrasts with that reported for H-atom abstraction from stearic acid by t-BuO
• radicals (a model for ROS). 27 In that case strong spectra of s
• plus signals from the radicals α-to the COOH Page 3 of 14
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Journal of the American Chemical Society   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 group (C 2 ,α-radicals) and adjacent to the CH 3 group (C 17 , ω-1 radicals) were observed and indicated that t-BuO • radicals abstracted rapidly and unselectively from every site. The EPR spectrum obtained from UV photolysis of a similar solution containing 6b, methyl oleate (10) and MAP in PhH at 292 K is shown in Figure 2 (top). In addition to Im radicals, a second radical with g = 2.0025, a(2H) = 26.1, a(1H) = 21.5, a(1H) = 13.8 G was observed. This was readily identified as the adduct radical (11a,b) of MeOC(O)O
• to the double bond of the methyl oleate (Scheme 4). A minor amount of secondary radicals s
• (g = 2.0025, a(1H) = 21.5, a(4H) = 24.5 G) was also observed. Spectra were obtained at several temperatures down to 220 K (with toluene as solvent for lower temperatures). Small amounts of peroxyl radicals (p, Figure 2 , bottom) were detected with this solvent. The relative concentrations of the radicals determined at each temperature were as shown in Table 2 . None of allylic type radical 12 from H-abstraction adjacent to the double bond (at C 8 or C 11 ) was detected. 28 The relatively large amounts of 11 showed that addition of radical 7 was rapid even at 220 K. There was little change in the spectra up to 292 K showing that the major pathway remained addition and that even dis-
• was less selective for addition at higher temperatures such that some H-atom abstraction occurred. The two radicals 11a and 11b formed on addition of MeOC(O)O
• to either end of the double bond of 10 have extremely similar structures in the vicinity of their radical centres. Their EPR spectra will be indistinguishable and the experimental spectrum is probably a 50:50 mixture of the two. 29 The 13.8 G doublet hyperfine splitting (hfs) is from the single H β of 11 and its small magnitude (and the fact that this decreased to 12.5 G at 220 K) indicates this H β lies close to the nodal plane of the p-orbital containing the unpaired electron. We can conclude that the preferred conformation is as shown in 11as. 30 The majority of initiation in oleate peroxidation by other ROS types occurs by H-atom abstraction adjacent to the double bond. For t-BuO
• radicals with oleate, for example, the allylic type species 12 (plus minor s
• ) were the only radicals detected by EPR spectroscopy. 31 There is therefore a striking contrast between the preferred addition reaction of MeOC(O)O
• radicals to C 9 and C 10 of oleate and H-abstraction from C 8 and C 11 preferred by other ROS. The EPR spectrum obtained during a similar photolysis of 6b and the doubly unsaturated methyl linoleate 13 in PhH at 293K (Figure 3) Cholesterol (18, Scheme 6) and its derivatives are also important oxidizable components of lipid structures. 26, 32 Peroxidation is initiated by transfer of an H-atom from C 7 and the resulting allylic radicals 21 have been characterised by EPR spectroscopy. 33 H-transfer from C 4 has also been reported as well as peroxyl radical addition to the double bond at C 6 .followed by epoxide formation via an S H i process. Simulation showed this spectrum to be a composite of Im (58 %) and two additional radicals both having g-factors of 2.0028 (characteristic of C-centered species) with the hfs in Table 3 . None of the allylic radical 21 was detectable. To assist in identifying these species the structures and hfs of model adduct radicals 20α α α α and 20β β β β were obtained from DFT computations at the UB3LYP/6-311+G(2d,p) level followed by single point energies with UB3LYP/aug-cc-pvtz. Table 3 demonstrates the close correspondence between the computed hfs for models 20β β β β,α α α α and the experimental parameters of the two spectral components. We conclude that these are adduct radical 19β β β β (29 rel. %) generated from approach by 7 from the β-face of the ring system and 19α α α α (43 rel. %) generated by approach from the α-face. These are bridgehead radicals and, as expected, the hfs for the equatorial H e -atoms are com-paratively small because they lie close to the nodal plane of the SOMO. The somewhat smaller amount of 19β β β β compared to 19α α α α is consistent with minor steric shielding of the β-face by the C 19 Me group. Radicals 1 and 7 are expected to exhibit very similar reactivities because they have very similar geometrical and electronic structures ( 2 A' states). According to optimizations and natural population analyses at CAM-B3LYP/6-31G(d,p) and CAM-B3LYP/6-311+G(2d,p) levels, respectively, the CO distances are the same within 1 pm, and atomic charges and spin densities of the terminal O atoms are identical within 0.01e. (See Figure S19 in the SI for a detailed comparison). By analogy therefore, bicarbonate radical 1 is expected to add to C 6 of cholesterol to produce the isomeric radicals 22 (Scheme 6). In a lipid structure, propagation of the peroxidation process will proceed by trapping oxygen and formation of peroxyl radicals 23. Peroxyls are reductively converted to alcohols. 35 Furthermore, mono-esters of carbonic acid, such as 23 rapidly decarboxylate. 36 A major metabolite from peroxidation by bicarbonate radicals will therefore be the cholestane-3,5,6-triol isomer pair 24. Further oxidation to 3β, 5α-dihydroxycholestan-6-one and isomers may also take place. 37 Cholestane-3,5,6-triols, particularly cholestane-3β,5α,6β-triol, have been isolated from a number of natural products, 38 and are biologically active in a variety of ways. 39 In contrast, peroxidation via the allylic radical 21 produces 7α-and 7β-hydroxycholesterol and 7-ketocholesterol as well as other metabolites. 26 Note, however, that some isomers of 24 can also be formed, in the absence of bicarbonate radicals, from peroxyl radical addition at C 6 , subsequent 5,6-epoxide formation and reductive epoxide ring opening.
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QM COMPUTATION OF BICARBONATE AND METHYL CARBONATE PROPERTIES
A QM computational study was undertaken in order to gain further insight into the structures, skeletal integrity and acidity of the 1↔2 pair of radicals. From an initial validation study it appeared that the CAM-B3LYP functional 40 could reproduce high-level ab initio benchmarks best (see Experimental Section below and Supporting Information for details), therefore it was chosen to study decarboxylation and deprotonation reactions.
DFT Study of Alkyl-and Bi-carbonate Decarboxylation
To obtain theoretical insight into how dissociation of ROC(O)O
• radicals into CO 2 and RO • depends on the nature of R we carried out computations with the species shown in Table 4 . In accord with expectation for neutral ROC(O)O
• radicals, non-polar (n-hexane), moderately polar (DCM) and even highly polar (water) solvents had minimal effects on the thermodynamic and kinetic energy parameters (Table 4) . The dissociations for R=alkyl were computed to be exothermic and their ∆G 298 values were even more negative because of the increase in entropy accompanying β-scission. However, substantial energies of activation (∆H ‡ ) and free energies of activation (∆G ‡ ), were obtained for R=Me, Et and Bn. This agrees with the significant radical lifetimes demonstrated by EPR spectroscopy. Confidence in the validity of the DFT computations was heightened by the good agreement of the computed ∆H ‡ values and experiment. Thus, for methyl carbonate radicals 7 the DFT computed ∆H ‡ values of 13.6 and 13.5 kcal mol -1 , for gas and n-hexane respectively, were both within the error limits of our experimental Arrhenius activation energy of 14.6±2.2 kcal mol -1 in t-BuPh (see above).
Similarly, for R=Bn, the DFT ∆H ‡ values of 13.2 and 12.7 kcal mol -1 in gas and n-hexane were also close to the experimental Arrhenius activation energy of 12.9±2.0 kcal mol -1 .
This lends credence of the computed results for the bicarbonate radical itself. For this species (1) dissociation was found to be endothermic and only marginally exoergonic (by ~ -3.5 kcal mol -1 , Table 4 ). Furthermore the computed ∆H ‡ and ∆G ‡ activation barriers (19.6 -21.5 kcal mol -1 ) were substantially greater (by 6.5 kcal mol -1 in the gas phase) than those for alkyl carbonate radicals. As mentioned above, the Radical Stabilization Energy (RSE) of the released HO
• radical is less than that of MeO
• or EtO • by 13.6 and 13.4 kcal mol -1 respectively. It appears, therefore that the β-scission barrier for bicarbonate exceeds that of methyl carbonate radicals by just under half the difference in their RSEs and this makes good sense. • radicals possess sufficient structural integrity to initiate multiple oxidative chains in a biological environment. Next we turn to the expected acidity of this species in water.
Acidity of the Bicarbonate Radical
The acidities of oxoacids XO p (OH) q increase as the number of oxygen ligands 'p' increases. This reflects increasing resonance stabilization of the negative charge in the conjugate bases. Bell's Rule for such acids [pK a = 8 -5p] 41 applied to the bicarbonate radical suggests a pK a of about -2 units. Recent experimental studies of the carbonate radical using optical pulse radiolysis, 6c time-resolved resonance Raman spectroscopy 6b and EPR spectroscopy 6a all indicate the bicarbonate radical is highly acidic, with a pK a below zero. However, it has not been possible to experimentally determine the value. Calculation of pK a values is very computationally demanding, because an error of only 1.4 kcal mol -1 in the free energy of deprotonation equates to an error of 1 pK a unit at room temperature. Nevertheless, Armstrong et al. 7 employing thermodynamic cycles and high level ab initio calculations, predicted a pK a of -4.1 ± 1 units. The main sources of error are the choice (and uncertainty) of the required free energy of hydration of the proton (usually taken from experiment) and the neglect of specific intermolecular interactions between the solvent and the conjugate acids and bases. To circumvent these problems, and in the spirit of Pulay and co-workers, 42 we predicted the pK a of 1 based on linear correlation of computed deprotonation free energies ∆G A-HA with experimental pK a s, using a set of twelve small carboxylic acids as reference. Gas-and aqueous-phase free energies of deprotonation (CAM-B3LYP and CPCM methods) as well as the correlations with experimental pK a s are collected in the Supporting Information. This procedure was designed to minimize any systematic errors in the individual predicted pK a data.
Linear regression gave pK a = 0.151∆G A-HA -47.10 (R 2 = 0.932) and pK a = 0.213∆G A-HA + 0.428 (R 2 = 0.919) for the gas and aqueous phase data respectively (see Supporting Information). Extrapolation to the computed ∆G A-HA for the bicarbonate radical afforded pK a s of -0.39 and -0.69 from the gas and aqueous correlations, respectively. These estimates imply high acidity, although Bell's rule and previous computed values afforded even more negative values. A possible shortcoming of such simple linear correlations is that they might become less reliable for very small and strong acids such as 1, where specific interactions with the solvent would be most pronounced for the conjugate base with its very high charge density (2 in our case). One way to account for this would be to refine the deprotonation energies by including specific micro-solvating water molecules and check for convergence with increasing number of solvent molecules. The applicability of this approach to strong acids, however, is limited by their tendency to ionize spontaneously with just a few water molecules. HCl, for example, has been shown by experiment and DFT computations to dissociate upon addition of just four water molecules into a Cl
) "solvent-separated ion pair" (SSIP) in the gas phase. 43 As expected, we observed the same type of spontaneous dissociation during attempted optimization of microhydrated clusters of 1 (see below), precluding quantitative assessment of the driving force for deprotonation upon hydration. Several theoretical studies on microhydration of strong HX acids (X=F, Cl, Br, I), 44 perchloric, 45 formic, 46 nitric, 47 trifluoroacetic, 48 sulfuric 49 and oxalic 50 acids have established that, for strong mineral acids, indeed only a few microsolvating water molecules were needed to cause complete ionization. Furthermore a trend towards a smaller number of water molecules required for ionization (N aq i ) as the acid increased in acidity, was noted. 45 Theoretical estimation of N aq i is by no means easy because the number of possible conformations increases sharply as the number of water molecules increases. The potential energy surfaces for the interaction of HA with H 2 O are rather shallow leading to difficulties in establishing what are just local rather than global minima. Not surprisingly, as the foregoing literature demonstrates, some differences in N aq i have been reported for particular acids. A recent insightful article by Leopold surveys both theoretical and experimental approaches. 51 A plot of experimental pK a values against N aq i , from published theoretical studies, is shown in Figure  5 . The data was taken from high level computations and, although alternative values can be found, high quality N aq i don't differ from the chosen values by more than 1 unit. Thus we feel the trend that emerges is real. In Leopold's article 51 spontaneous ionization of small acid-water clusters is qualitatively rationalized in terms of a thermodynamic cycle involving the energy for proton transfer from the neutral acid to H 2 O and hydration energies of the various neutral and ionic species involved. Because hydration stabilizes the ionization products more strongly than the neutral precursors, it is entirely plausible (at least for strong acids) that the higher the protontransfer energy the more water molecules are needed to overcome this. One may thus expect N aq i to correlate, at least qualitatively, with the gas-phase acidities (which vary appreciably for the acids studied, see Table S4 in the SI) and, hence, with pK a . • underwent partial ionization with four water molecules, with d OH increasing to 148% of its unsolvated length. Complete ionization occurred on addition of a fifth water molecule as d OH increased to 336% of its original value. There was then no significant change in bond length for ݊ 5. Since the cluster with n = 4 (structure b in Figure S17 in the SI) appeared to be borderline, we conducted a more extensive search for its alternative minima. While a completely ionized SSIP was found to be very high in energy (isomer c in Figure S17 ), structure b rearranged during a Born-Oppenheimer molecular dynamics (BOMD) simulation to a configuration that turned out to be the most stable one upon optimization (structure a in Figure   S17) . 53 This structure, arguably the global minimum, had a "normal", barely elongated d OH . We concluded that for
HOC(O)O
• N aq i = 5 and, from equation (3), this corresponds to a pK a of ~ -2.4 (open square in Figure 5 ). 54 This result supports the conclusion that HOC(O)O
• has a pK a value in the same range as H 2 SO 4 , but probably higher than HCl. For further quantification of the pK a value of 1, free-energy molecular dynamics simulations could be performed in a bulk aqueous environment, but these calculations would be rather expensive at the required level (CAM-B3LYP for an openshell system). Based on our computations we are confident, however, that the pK a value of 1 will be around -2 to -1, helping to establish it as the strongest carboxylic acid.
CONCLUSIONS
We observed pleasing complementarity between spectroscopic investigations of the methyl carbonate radical 7, as a model for the elusive bicarbonate radical 1, and DFT computational studies of the latter. Radical 7 was shown to add very rapidly to aromatic and heterocyclic rings in preference to abstracting H-atoms from benzylic type sites. From radical concentration measurements, the activation energy for decarboxylative decomposition of 7 was found to be ~ 14 kcal mol -1 . It follows that 7 has considerable structural integrity and a half-life of ~ 0.4 ms at 300 K (in the absence of reactive substrates). The preference of 7 for addition over H-abstraction extended to mono-unsaturated lipid components including oleate and cholesterol. However, for lipid components containing 'skipped' (i.e. 1,4-) diene moieties, abstraction of their bisallylic H-atoms took place alongside addition to their double bonds. By analogy, the neutral bicarbonate radical 1 should actually decarboxylatively decompose more slowly and have a considerably longer half-life than 7. DFT computations reinforced this conclusion. Activation enthalpies for β-scission of 1 were computed to be 20±1.0 kcal mol -1 in gas and non-polar media. It follows that, on generation in lipid microstructures, radical 1 will be a significant contributor to peroxidation. Furthermore, this peroxidation probably differs significantly from that by other ROS such as hydroxyl radicals. The latter initiate peroxidation by preferentially abstracting allylic and bis-allylic H-atoms from mono-and poly-unsaturated lipid components. However, because model radical 7 preferentially adds to double bonds, it is probable that 1 behaves likewise; particularly with mono-unsaturated lipid components. Important metabolites from peroxidation of cholesterol and oleate by 1 are therefore likely to be cholestane-3,5,6-triols and 9,10-dihydroxystearates respectively. Both these types of compounds are known to have a variety of biological activities. Our DFT computational studies confirmed that 1 is a strong acid. pK a s of -0.4 and -0.7 (gas and aqueous phase data respectively) for 1 were obtained from linear correlations of computed deprotonation free energies (∆G A-HA ) with the experimental pK a s of a set of strong acids. This may, however, underestimate the true acidity because of neglect of specific solvent interactions. These will be pronounced for the conjugate base 2 with its very high charge density. We discovered an intriguing linear relationship between the pK a s of strong acids and the integer numbers of water molecules required to induce ionization. DFT computations with the set of structures [HOC(O)O
• .nH 2 O] for n = 1 to 8 established that only 5 water molecules were needed to bring about complete ionization of the bicarbonate radical. Comparison of this finding with those for other strong acids gave a predicted pK a of ca. -2.4 for 1. It is interesting to note that this makes 1 the strongest known carboxylic acid; stronger than CF 3 CO 2 H (pK a = -0.25) and stronger than the carboxyl radical (
• CO 2 H; pK a = -0.2). 55 The high acidity of 1 can be attributed to the fact that in the conjugate base (CO 3
•− ) charge and electron density are distributed to three O-centers compared to only two O-centers in the conjugate bases (RCO 2 − ) of most other carboxylic acids.
EXPERIMENTAL SECTION
Oximes and oxime carbonates were prepared and purified by the methods described previously.
12
EPR spectra were obtained at 9.5 GHz employing a spectrometer fitted with a rectangular resonant cavity. Solutions of each oxime carbonate, MAP (1 equiv. wt/wt) and substrate in PhH or tert-butylbenzene were prepared and sonicated if necessary. An aliquot (0.2 mL) was placed in a 4 mm o.d. quartz tube and de-aerated by bubbling nitrogen for 15 min. Photolysis in the resonant cavity was by unfiltered light from a 500 W super pressure mercury arc lamp. EPR signals were digitally filtered and double integrated using the Bruker WinEPR software and radical concentrations were calculated by reference to the double integral of the signal from a known concentration of the stable radical DPPH [1 × 10 -3 M in PhMe], run under identical conditions. The majority of EPR spectra were recorded with 2.0 mW power, 0.8 G pp modulation intensity and gain of ca. 10 6 .
All QM calculations were performed using the Gaussian 09 software package. 56 The high-quality quantum composite method, Gaussian-4, 57 was employed for exploratory computations (see Supporting Information). Geometries were fully optimised at the CAM-B3LYP/6-31G(d,p) level. Harmonic vibrational frequencies were computed to characterise the nature of the stationary points (transition states were further characterised through tracing the intrinsic reaction coordinate) and to evaluate thermodynamic corrections to enthalpies and free energies at standard pressure and temperature. Energies were refined at the CAM-B3LYP/6-311+G(2d,p) level for CAM-B3LYP/6-31G(d,p) optimized geometries, denoted CAM-B3LYP/6-311+G(2d,p)//CAM-B3LYP/6-31G(d,p), in selected cases including the effects of a polarisable continuum to model bulk solvation (CPCM variant). 58 A BOMD simulation was performed for [DOC(O)O
• .4D 2 O] at the CAM-B3LYP/6-31G(d,p) level using the ChemShell program 59 as MD driver. Starting from the minimum b ( Figure  S17 ) the system was propagated for 20 ps in the NVT ensemble (Nosé-Hoover chain set to 293 K, timestep 1 fs); selected structures along the trajectory were subjected to full CAM-B3LYP/6-31G(d,p) optimizations and energy calculations. 
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